Introduction {#sec1}
============

Sources of urban ambient air pollution are generally associated with human activities such as traffic, cooking, and electricity generation. These sources are modifiable factors; emissions can be modulated by changing either activity levels or the source intensity. Air pollution regulation in the United States has traditionally relied on reducing emission factors rather than curbing activity. Although previous studies have assessed impacts of event-related step changes in emission sources on air quality,^[@ref1]−[@ref4]^ social distancing measures implemented in response to COVID-19 offer a natural opportunity to observe and quantify the impacts of modifiable factors, specifically large shocks to activity, on ambient air pollution in real time with unprecedented scope, speed, and duration.

In March 2020, 48 U.S. states implemented precautions to limit the transmission of COVID-19.^[@ref5]^ In many cases, these measures represented a step change in activity and accompanying pollutant emissions. This study focuses on data collected in Pittsburgh, Allegheny County, PA, which is representative of the rapid changes in activity associated with social distancing measures. A timeline of the closures affecting Pennsylvania and the upwind state of Ohio can be found in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf) and shows that activity was "business as usual" through March 13^[@ref6]−[@ref10]^ and rapidly transitioned to lower activity, with the majority of schools and non-essential businesses closed or operating in reduced capacity by March 16.

The closing of schools and businesses has a clear impact on activity levels and therefore air pollutant emissions. In this paper, we use data from both a distributed network of low-cost air pollutant sensors and the Environmental Protection Agency (EPA) regulatory network to examine how changes in activity impacted ambient air pollution. We compare concentrations of fine particulate matter (PM~2.5~; for which Allegheny County has been at least partially in non-attainment since 1997^[@ref11]^), CO, and NO~2~ from the post-COVID shutdown period (March 14 to April 30, 2020) to business-as-usual periods in 2019 and 2020.

Materials and Methods {#sec2}
=====================

CO and PM~2.5~ were measured using a distributed network of low-cost sensors. The Real-time Affordable Multi-Pollutant (RAMP) sensor package has been deployed throughout the city of Pittsburgh and surrounding suburbs since 2016.^[@ref12]^ The RAMPs use electrochemical sensors (AlphaSense LLC) to measure CO. PM~2.5~ is measured via light scattering using either MetOne Neighborhood Monitors or PurpleAir PA-IIs. Previous work details the calibration^[@ref13],[@ref14]^ and deployment^[@ref15]−[@ref17]^ of these sensor packages.

In March 2020, there were 27 active RAMP sites in the Pittsburgh region (locations shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf)). The RAMP sites were grouped into four categories based on land use: High Traffic (*n* = 3), Urban Residential (*n* = 11), Suburban Residential (*n* = 8), and Industrial (*n* = 4). Site groupings were determined according to the same methodology that was used in previous work^[@ref15]^ and are described in detail in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf).

One concern with low-cost pollutant sensors is measurement uncertainty.^[@ref18]−[@ref22]^ We have previously shown that the mean absolute error relative to a reference measurement in hourly averaged CO measurements is ±49 ppb.^[@ref12]^ Uncertainty in PM~2.5~ is a strong function of averaging time; 1 h data have a relatively large uncertainty (∼4 μg/m^3^) that decreases to \<1 μg/m^3^ after sufficient averaging time.^[@ref13],[@ref20]^ In this paper, grouping sites increases the effective averaging time, reducing the uncertainty to 0.6 μg/m^3^.^[@ref20]^

To supplement the RAMP data, EPA Air Quality System (AQS) data collected by the Allegheny County Health Department (ACHD) from two NO~2~ sites was also analyzed \[one high-traffic site and one suburban residential site (shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf))\].

To quantify traffic reduction, we compared traffic camera data on Interstate 376, a main commuter highway, in March 2020 (postclosures) to historical vehicle counts (preclosures) during the same time of day (8 a.m., morning rush hour). We estimate that rush-hour commuter vehicle traffic decreased by 48%. This estimate is consistent with Google mobility data that estimate that in Allegheny County workplace-related mobility decreased by 45%.^[@ref23]^

Results and Discussion {#sec3}
======================

Concentration Reductions Due to Activity Changes {#sec3.1}
------------------------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf) compare CO and PM~2.5~ concentrations for pre- and post-COVID periods. Overall, concentrations during the pre-COVID period in 2020 (March 1--13) are similar to the same period in 2019. March 2019 concentrations are shown as box plots and cumulative distribution functions (CDFs) in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The data in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} suggest that the main emission sources and atmospheric conditions were similar between 2019 and 2020 before social distancing.

![Hourly average concentrations of PM~2.5~ and CO for three of the site groupings during March and April 2020. Suburban Residential sites are shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf). The solid (pre-COVID closures) and dashed (post-COVID) lines are the mean concentrations for all of the sites in each group. The shaded area around each line represents the 25th and 75th percentiles of the data from the site groups. The box plots show the corresponding March 2019 data for all sites in each site group. The center of the boxes (indicated by a dot) is the median. The boxes show the interquartile range. The whiskers represent 2.7 standard deviations, and the outliers are shown as circles. The insets in each panel show the cumulative distribution function (CDF) for the data from March 2019 compared to the data from March and April 2020 after the COVID-related closure.](ez0c00365_0001){#fig1}

CO and PM~2.5~ concentrations are lower during the post-COVID period (March 14 to April 30, 2020) compared to those of the "business-as-usual" periods in both 2019 and 2020. For example, across the entire RAMP network, mean PM~2.5~ concentrations were 29% (∼3 μg/m^3^) lower following the COVID-related closures (6.7 μg/m^3^) compared to March 2019 (9.5 μg/m^3^).

We treat CO as a marker of fresh combustion emissions from vehicular traffic and industrial activity. At the High Traffic and Rrban Residential sites, traffic is the dominant source of CO. The CO time series at these site groups is punctuated by occasional traffic-related spikes; these spikes decreased by 19% (High Traffic) and 23% (Urban Residential) postclosure. The reduced frequency of high CO spikes is also evident in the CDFs. The median CO is identical for High Traffic and Urban Residential for pre- and post-COVID, but the mean and 90th percentile concentrations at High Traffic sites are 19% and 38% lower, respectively, because of a lower frequency of high-concentration events.

The impact of traffic on the High Traffic and Urban Residential sites is also evident in the diurnal patterns in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Pre-COVID there is a clear increase in CO concentrations between an overnight stable period (2--3 a.m.) and the morning rush hour (7--8 a.m.). During the post-COVID period, both the absolute peak CO and the intraday difference that can be attributed to traffic are smaller.

![Average diurnal patterns for selected site groups for CO (left) and PM~2.5~ (right). Dashed lines show the preclosure diurnal patterns from March 2019, and the solid lines show the 2020 post-COVID period. The shaded areas around the lines for the Suburban postclosure (left) and High-Traffic postclosure (right) diurnal indicate the instrument uncertainty for each instrument (0.6 μg/m^3^ and 49 ppb for PM~2.5~ and CO, respectively). Intraday variability in CO and PM~2.5~ concentrations decreased drastically following the COVID-related closures.](ez0c00365_0002){#fig2}

NO~2~, which is also a marker for traffic emissions, shows a pattern similar to that of CO ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf)). Concentrations are lower and less variable, and the morning rush-hour enhancement is smaller in the post-COVID period when compared to March 2019.

The Industrial sites also have frequent spikes in CO ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), though these are dominated by industrial emissions. These industrially driven CO spikes persist in the post-COVID period. The CDFs in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} are indistinguishable for pre- and post-COVID, suggesting that the Industrial sites continued emitting post-COVID closures.

[Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} show trends for PM~2.5~ similar to those for CO. Concentrations during the pre-COVID period in 2020 are similar to those of March 2019. Concentrations in the post-COVID period are lower and less variable. For example, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows that for the High Traffic sites the PM~2.5~ increase associated with the morning rush hour fell from 1.4 μg/m^3^ in 2019 to zero in the post-COVID period.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows that the majority of the PM~2.5~ enhancement at the industrially influenced sites occurs at night, consistent with previous studies.^[@ref15]^ This is because of a combination of emissions and boundary layer height. During overnight hours, the boundary layer is low. Many sources, such as traffic, have less activity overnight, whereas the steel mill and coke plant impacting the Industrial sites operate 24 h. Thus, there are local enhancements of PM~2.5~ overnight at the Industrial sites.^[@ref24],[@ref25]^ Although PM~2.5~ concentrations decreased at the Industrial sites in the post-COVID compared to pre-COVID periods (24% reduction), these sites still had higher concentrations than all other site groups, suggesting industrial activity continued during the shutdown.

There are several potential challenges when attributing the observed changes in pollutant concentrations ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}) to activity changes for specific sources.^[@ref26]^ One challenge is decoupling changes attributable to sources from changes in meteorology. We benchmarked the pre- and post-COVID periods to historical weather data from NOAA and sounding data^[@ref27]^ ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf) and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf)).^[@ref28],[@ref29]^

A second challenge is how to define the base case (i.e., the period without impacts of COVID). Our analysis presented above compares the post-COVID period in 2020 to both pre-COVID 2020 (March 1--13) and March 2019. [Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf) show that annual average PM~2.5~ concentrations in Pittsburgh have been nearly constant since 2012, and that PM~2.5~ concentrations measured at 27 of 30 RAMPs operating in 2018 and 2019 did not have statistically significant differences between years. Thus, our overall conclusions should not be strongly impacted by the choice of base case.

One additional challenge with attributing PM~2.5~ reductions to changes in human activity is that the majority of PM~2.5~ mass is secondary.^[@ref30],[@ref31]^ In the following section, we compare intraday variations in enhancements associated with local emissions, to minimize the influence of outside factors (i.e., upwind emissions, boundary layer height, and weather) that may confound comparisons between the pre- and post-COVID periods.

Changes in Source-Related Intraday Enhancement of Pollutant Concentrations {#sec3.2}
--------------------------------------------------------------------------

We defined two intraday enhancements that focus on traffic and industry-related emissions ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). We define the traffic-related enhancement as the difference between the morning rush-hour peak (mean of 7--8 a.m.) and the overnight stable period with a minimum in traffic volume (mean of 2--3 a.m.) for PM~2.5~, CO, and NO~2~ for pre-COVID (*n* = 31 days) and post-COVID (*n* = 48 days). The differences are averaged across all sites in each group. The industrial enhancement is defined as the difference between the overnight mean (2--4 a.m.) for each of the Industrial group sites and the mean of the five Suburban Residential sites with the lowest concentrations. As with the traffic enhancement, the industrial enhancement is calculated daily for each of the Industrial sites and then averaged for the site group.

###### Intraday Source Specific Concentration Changes Associated with Traffic and Industrial Emissions at Each Site Group[a](#tbl1-fn1){ref-type="table-fn"}

                      site group          pre-COVID traffic-related intraday enhancement   post-COVID traffic-related intraday enhancement   pre-COVID industry-related intraday enhancement   post-COVID industry-related intraday enhancement
  ------------------- ------------------- ------------------------------------------------ ------------------------------------------------- ------------------------------------------------- --------------------------------------------------
  PM~2.5~ (μg/m^3^)   high traffic        **1.4**                                          0.0                                               n/a                                               n/a
                      urban residential   **1.4**                                          0.2                                               n/a                                               n/a
                      suburban            **1.2**                                          --0.2                                             n/a                                               n/a
                      industrial          0.4                                              --0.5                                             **2.8**                                           **1.7**
  CO (ppb)            high traffic        **180**                                          **89**                                            n/a                                               n/a
                      urban residential   **86**                                           41                                                n/a                                               n/a
                      suburban            **96**                                           25                                                n/a                                               n/a
                      industrial          **104**                                          --25                                              **82**                                            **110**
  NO~2~ (ppb)         high traffic        **8.2**                                          **4.1**                                                                                              
                      suburban            **2.8**                                          **0.4**                                                                                              

The traffic enhancements for PM~2.5~ and CO were calculated for all four site groups. NO~2~ data were available for only two ACHD sites. Industrial enhancements were computed for only the Industrial sites. Enhancements larger than the instrumental uncertainties are shown in bold.

For all site groups, the pre-COVID traffic enhancements of NO~2~ and CO scale with traffic intensity. CO enhancements are largest at the High Traffic sites (180 ppb), approximately double the enhancement at the other site groups (86--104 ± 49 ppb). The correlation between land-use (i.e., traffic volume) and traffic-related CO enhancements, along with the fact that CO is nonreactive,^[@ref32]^ supports the use of CO as a tracer for traffic emissions in these locations. NO~2~ traffic enhancement at the High Traffic ACHD site was 8.2 ppb (±0.05 ppb) compared to 2.8 ppb (±0.2 ppb) at the suburban site.

The traffic enhancements fell after COVID closures. Enhancements of CO and NO~2~ fell at High Traffic sites by 50%; this is consistent with the observed 48% reduction in commuter traffic. Morning CO enhancements fell to nearly zero in suburban areas \[96 to 25 ppb (±49 ppb)\], suggesting a larger fractional reduction in traffic volumes in those areas, consistent with people working and schooling from home. The traffic CO enhancement became negative in industrial areas, meaning that concentrations at 7--8 a.m. were lower than at 2--3 a.m., possibly from dilution as the boundary layer grows coupled with reduced emissions.

PM~2.5~ enhancements during the morning rush hour in the pre-COVID period were more uniform across site groups. For High Traffic, Urban Residential, and Suburban Residential groups, the morning rush-hour PM~2.5~ enhancement was 1.2--1.4 μg/m^3^, suggesting that impacts of traffic on PM~2.5~ are broadly distributed. There is a regional increase in morning PM~2.5~, consistent with the more regional nature of PM~2.5~.^[@ref30],[@ref31],[@ref33],[@ref34]^ In the post-COVID period, the PM~2.5~ morning traffic enhancements for all site groups are within instrument uncertainty of zero. Enhancements decreased by 0.4--1.4 μg/m^3^, demonstrating the regional impact of traffic on PM~2.5~.

The overnight industrial PM~2.5~ enhancement at Industrial sites was 2.8 μg/m^3^ in the pre-COVID period and 1.7 μg/m^3^ post-COVID. Thus, during both pre- and post-COVID, there is a PM~2.5~ enhancement at Industrial sites that is larger than the measurement uncertainty (0.6 μg/m^3^). The corresponding CO industrial enhancement (82 ppb pre-COVID, 110 ppb post-COVID) was also larger than instrument uncertainty in both periods. Thus, while operations at the industrial sources may have changed between pre- and post-COVID, our measurements indicate that these sources remained in operation in the post-COVID period. This observation is consistent with the fact that processes related to steel manufacturing were included on the list of essential businesses in Pennsylvania.^[@ref35]^

The intraday differences shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} are defined on the basis of diurnal changes in measured pollutant concentrations. The results shown here may be sensitive to the specific times used to define these intraday variations. However, the sensitivity analysis in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf) shows that the patterns across site groups do not change when different sets of hours are used to calculate the enhancements.

Implications {#sec3.3}
------------

Our data show a clear decrease in air pollution driven in large part by reductions in vehicle traffic. While the COVID-related shutdowns are unprecedented and do not likely represent the new status quo, they can offer insights into air pollution under future emissions scenarios. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} suggest that a 50% reduction in vehicle emissions (e.g., via tighter emissions standards or widespread adoption of electric vehicles) could essentially eliminate the morning rush-hour peak in PM~2.5~, CO, and NO~2~. This could reduce acute exposures, especially in high-traffic or near-road environments.

In addition to traffic activity reductions, we also estimated reductions in restaurant activity and electricity consumption as described in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf). However, determining the impacts of reductions in restaurant emissions and electricity generation on measured pollutant concentrations is more difficult. Neighborhoods with high restaurant impacts experience an additional ∼1 μg/m^3^ of PM~2.5~ compared to areas with low restaurant activity.^[@ref36]^ Our estimated change in restaurant activity using Google mobility data and observations of restaurant hours (∼60%) would decrease this impact to ∼0.4 μg/m^3^. However, the RAMP network does not have sufficient sites in high- and low-restaurant areas to examine this impact in greater detail. Impacts of changes in electricity demand are also difficult to determine directly from our data, as much of the PM~2.5~ from power plants is in the form of secondary sulfate.^[@ref37]^ Upwind changes in power plant emissions would therefore be convolved with changes in other upwind emissions and weather patterns. Reductions in electricity generation and restaurant emissions may contribute to the lower overnight background concentrations observed in the post-COVID period.

The most recent policy assessment review for the PM~2.5~ National Ambient Air Quality Standards (NAAQS) recommended a revision to the annual PM~2.5~ NAAQS to as low as 9 μg/m^3^. Such a reduction is estimated to reduce the PM~2.5~-related mortality rate by 21--27%.^[@ref38]^ The Pittsburgh domain considered here has an annual average PM~2.5~ concentration of 9.5 μg/m^3^. While evaluating the full impact of vehicle traffic on PM~2.5~ requires a more thorough assessment of impacts on primary and secondary PM~2.5~, we can use the observed changes in the morning rush-hour peak to make a first-order estimate for the impacts of major changes to vehicle emissions on the annual average PM~2.5~. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} shows that the morning rush-hour peak enhancement decreased from 1.4 to ∼0 μg/m^3^. This translates to a reduction of 0.12 μg/m^3^ in the daily average PM~2.5~ concentration, which would account for a third of the necessary reduction to reach a hypothetical 9 μg/m^3^ standard. Thus, reductions beyond morning rush-hour traffic emissions may be needed to reach 9 μg/m^3^ in urban areas.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.estlett.0c00365](https://pubs.acs.org/doi/10.1021/acs.estlett.0c00365?goto=supporting-info).Additional details, figures, and tables outlining the timeline for COVID-19-related closures, a description of site grouping criteria, a map of measurement sites, CO and PM~2.5~ measurements for suburban residential sites, a table of CO and PM~2.5~ metrics over the measurement domain, significance testing, NO~2~ measurements from the Allegheny County Health Department (ACHD), boundary layer height measurements, weather data, sensitivity analysis for traffic enhancements, determination of restaurant activity and electricity consumption reduction, year-to-year differences in PM~2.5~ and impacts on reference year selection, annual average PM~2.5~ measured across Allegheny County, empirical CDFs (ECDF) of hourly PM~2.5~ measured at two RAMP locations, and PM~2.5~ and CO measurements from regulatory monitors ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.estlett.0c00365/suppl_file/ez0c00365_si_001.pdf))
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